D.2 Counter Design
The design of a proportional counter for a microdosimetric experiment must begin with a determination of the various radiation modalities with which the counter will be irradiated. After due consideration of fundamental interactions of those radiations (see Section 3), the final counter design is ultimately a compromise between ease of construction and utility, and the degree to which the counter actually simulates a microscopic tissue volume within the irradiation field. Design parameters which must be considered are: field -shaping and collecting electrodes, materials of construction, shape of the sensitive volume, and its definition by walled or wall-less counter constructions.
D.2.1 Materials of Construction
Proportional counters can be constructed from a wide range of metals and plastics. However, the most widely used material in microdosimetry is the muscle-equivalent plastic formulation which is designated A 150. See Appendix C for its composition. Techniques of fabrication with A 150 and other tissue-equivalent plastics are given in ICRU Report 26 (ICRU, 1977) .
A final note on materials concerns the electrode structures. These are usually of stainless steel For most radiation modalities, the slowing-down-spectrum within the counter originates primarily within the walls. and the electrodes are a minor perturbation. Care is required, however, if it is required to reproduce accurately the electron slowing-down-spectrum for soft photons (less than about 60 keY), because the high-Z stainless steel electrodes may contribute a significant fraction of the electron spectrum, disturbing the proper mix of 80 Compton and photoelectrons present within the counter's sensitive volume (see Appendix D.3.2).
D.2.2 Shape of Sensitive Volume
The most commonly utilized shape in microdosimetry has been the sphere. Its complete symmetry with respect to isotropic or directional radiation makes it the logical choice because of lack of knowledge or independence of geometrical factors in the interaction of radiation with biological structures. However, the electrons generated in the counter volume must be· collected and multiplied in a non-spherical geometry because the collecting electrode is usually a wire stretched along a diameter of the sphere. The ionmultiplication region is, therefore, a cylinder (usually a few times the wire diameter) coupled to the spherical collecting region. In order to produce a cylindricallysymmetrical field around the collecting wire, either an auxiliary electrode (a helix) is placed concentric with the wire, or field-shaping pieces are added at the poles. where the wire is in close proximity to the spherical boundary surface.
Another shape of primary importance is the cylinder. The cylindrical counter has the advantage that it is the simplest to design and the easiest to construct. The radial field symmetry required for uniform multiplication along the length of a collecting wire readily lends itself to the natural geometrical symmetry of the cylinder. Thus, the boundary of the sensitive volume and proper field-shaping for multiplication can be achieved by the same electrode. A circular cylinder whose length is equal to its diameter, has the added advantage that its mean chord length, when subjected to isotropic radiation, is the same as a sphere having the same diameter (Kellerer, 1981) (see Appendix A, Table A .l).
D.2.3 Choice of Walled or Wall-less Counters
There is no question but that the spherical or cylin-·drical counter having a solid tissue-equivalent plastic wall to delineate both the sensitive volume and the external boundary oflow pressure is the most convenient, rugged, and easy to use microdosimetric counter. There is also no question that the lack of a solid interface surrounding the sensitive volume is the most desirable geometry in order to simulate, as closely as possible, the true situation of radiation equilibrium in a microscopic site. The distortion of the spectrum by the presence of a solid interface, termed "wall effect," is discussed in Section 5.2.2. Each radiation modality must be considered separately and a criterion for acceptable distortion is clearly a judgement which must be based upon the use to which such data are to be put.
D.3 Examples of Counters

D.3.1 Walled Type
An example of a type of walled spherical counter is shown in Figure D .L This counter utilizes a cylindrical helix to provide uniform multiplication along the length of the wire. Similar counters are available commercially which do not have a helix, but shape the field at the poles so as to produce a nearly-cylindrical field at the wire.
D.S.2 Wall-less Types
The wall-less counter consists of one of the types discussed in Section 5.3.2 mounted in an enclosure. A wall-less counter still has a wall, hut the wall may he far enough away from the sensitive volume that radiation The structure is 92% transparent for isotropic radiation (Kliauga and Rossi, 1981) . Such counters are practica1 wall-less devices Ill!eful for many radiation modalities (Kliauga and Rossi, 1981). equilibrium is established in the region of the sensitive volume. The size of the enclosure is, therefore, dictated by the type and energy of the radiation.
Only wall-less counters with a "grid" or "electrodedefined" boundary will be considered here. The fielddefined types mentioned in Section 5.3.2 require meticulous fabrication and tedious adjustment procedures and are best used only for very specialized work. Figure  D. 2 illustrates one type of wall-less counter, which is a simple cylindrical counter.
Spherical wall-less counters are often constructed using a molded tissue-equivalent plastic grid for the spherical boundary. The radial transparency of these grids exceeds 90%. Multiplication takes place at a collecting wire surrounded by a helix. Figure D. 3 illustrates such a grid design. The wall-less counter so constructed is mounted inside a spherical shell moulded from tissue-equivalent plastic, and a cut-away view of the resultant counter is shown in Figure D. 
4.
A number of specialized types have appeared in recent years whose design incorporates particular features that illustrate the application of principles which have been discussed in this report. Three such designs are included here by way of illustration. Figure D .5 is a view of the "1/16-inch" cylindrical counter. The diameter of the helix which dermes the collecting volume is 1/16 inch. The length of the collecting volume, defined by the ends of field tubes, is twice the diameter. The entire counter is enclosed within a tissue-equivalent plastic tube, including the preamplifier assembly and tubes for gas lines. The tube is, of course, watertight. The relatively small size of about 3-cm diameter makes this counter useful for work in water phantoms.
A counter called the heavy-ion counter is illustrated in cross-section in Figure D .6. It consists of a simple cylindrical wall-less counter (O.64-cm diameter X O.64-cm length) mounted inside a brass tube with tissue-equivalent plastic end caps. These end caps are 1cm tEo outer cylinder Fit.D..5. A cut-away view of the "lfts inch counter." Designed for pion microd06imetry in water phantoms, it has also been used for photon micrOO06imetry in water phantoms (Rossi et at., 1980) . Fig. D .S. The "heavy-ion counter" is a simple, rugged cylindrical wall-less counter designed for work with parallel beams of energetic heavy ions. This cross-sectional view shows the shape of the tissueequivalent end caps, designed 80 that all particies traverse the same thickness of plastic regardless of distance from the center line (Rossi et al., 1980) . moulded in such a shape that a parallel beam of particles traverses the same thickness of plastic regardless of its distance from the center axis. The counter is mounted off-center relative to the end caps so that charged-particle-equilibrium is enhanced in one direction, and wall effects can be studied by simply turning the counter 180 0 • The physical size was chosen with a view to making measurements adequate for most purposes, with a reasonably portable, self-contained instrument.
A third example of a specialized design is the "nonmetallic" spherical wall-less counter shown in cut-away view in Figure D .7. This design avoids the distortion of lineal energy spectra of photons having energies of 20-100 ke V by the presence of the stainless steel electrodes ordinarily used. Evidence for such distortion exists in the measurements of photon spectra taken by R. Dvorak and published recently (Kliauga and Dvorak, 1978) .
In order to avoid any metallic elements in or near the collecting volume, all supporting structures are fabricated from acetal homopolymer plastic, and all electrodes are moulded of tissue-equivalent plastic, with the exception of the central collecting electrode, which is Fig. D.7 . A cut-away view of the "non-metallic counter," As the name implies, no metal is used in the construction, especially important for low-energy photons. A double helix is used (Rossi et al. , 1980) . a human hair, made conducting by a graphite coating. The material of the helix, spherical grid and outer spherical shell is C-552 air equivalent plastic (see Appendix C), which was chosen because this plastic is actually more tissue-equivalent than the standard A 150 at the low photon energies for which this counter was designed. It is also more rigid, which is a useful feature for the delicate grid structures. 
